Successful somatic cell nuclear transfer (SCNT) requires epigenetic reprogramming of a differentiated donor cell nucleus. Incorrect reprogramming of epigenetic markings such as DNA methylation is associated with compromised prenatal development and postnatal abnormalities. Clones that survive into adulthood, in contrast, are assumed to possess a normalized epigenome corresponding to their normal phenotype. To address this point, we used capillary electrophoresis to measure 5-methylcytosine (5mC) levels in leukocyte DNA of 38 healthy female bovine clones that represented five genotypes from the Simmental breed and four genotypes from the Holstein breed. The estimated variance in 5mC level within clone genotypes of both breeds [0.104, 95% confidence interval (CI): 0.070-0.168] was higher than between clone genotypes (0, CI: 0-0.047). We quantified the contribution of SCNT to this unexpected variability by comparing the 19 Simmental clones with 12 female Simmental monozygotic twin pairs of similar age. In Simmental clones, the estimated variability within genotype (0.0636, CI: 0.0358-0.127) was clearly higher than in twin pairs (0.0091, CI: 0.0047-0.0229). In clones, variability within genotype (0.0636) was again higher than between genotypes (0, CI: 0-0.077). Twins, in contrast, showed lower variability within genotypes (0.0091) than between genotypes (0.0136, CI: 0.00250-0.0428). Importantly, the absolute deviations of 5mC values of individual SCNT clones from their genotype means were fivefold increased in comparison to twins. Further comparisons with noncloned controls revealed DNA hypermethylation in most of the clones. The clone-specific variability in DNA methylation and DNA hypermethylation clearly show that healthy adult SCNT clones must be considered as epigenome variants.
Introduction
C loning by somatic cell nuclear transfer (SCNT) is compatible with the birth of live offspring in a wide range of mammalian species, but failure of epigenetic reprogramming leads to a low overall efficiency of the technology (Keefer et al., 2008; Yang et al., 2007a) . The impact of SCNT procedures on the epigenome is thought to be stochastic, with a potential for subtle long-term epigenetic defects ( Jaenisch and Wilmut, 2001; Rhind et al., 2003b; Wilmut, 2006) . High rates of embryonic and fetal mortality (Rhind et al., 2003a; Yang et al., 2007a) and an increased incidence of congenital defects (Chavatte-Palmer et al. 2002; Rhind et al., 2003a Rhind et al., , 2003b have been linked to perturbations in developmentally important epigenetic marks such as DNA methylation and histone modifications (Humpherys et al., 2001; Lin et al., 2008; Liu et al., 2008; Ohgane et al., 2001 Ohgane et al., , 2004 Santos et al., 2003) . Clones that develop into adults have nevertheless been assumed to possess a normalized epigenome that corresponds to their normal phenotype (Lanza et al., 2001; Senda et al., 2007) .
Methylation of cytosine residues at CpG dinucleotides (5-methylcytosine or 5mC) is the most extensively studied epigenetic modification in mammals and is essential for regulating embryonic development, transcription, chromatin structure, X chromosome inactivation, genomic imprinting, and chromosome stability (Robertson, 2005) . The genomewide quantification of 5mC levels in SCNT cloned embryos from different species has revealed aberrations in global DNA methylation (Dean et al., 2001; Yang et al., 2007c) . In cattle, which are used extensively as a model for mammalian cloning (Yang et al., 2007a) , an increased genome-wide DNA methylation level, that is, DNA hypermethylation, has been correlated with poor developmental potential of preimplantation embryos (Santos et al., 2003) and fetal overgrowth (Hiendleder et al., 2004) . Abnormal DNA methylation patterns in clones have also been described for specific genes and noncoding DNA sequences under epigenetic control (Bourc'his et al., 2001; Lin et al., 2008; Liu et al. 2008; Morgan et al., 2005; Niemann et al., 2008; Yang et al., 2007a) . Despite these reports, the majority of cloned cattle do not present health issues of concern beyond a critical period of about 6 months after birth and are assumed to be normal (Lanza et al., 2001; Wells et al., 2004; Yang et al., 2007b) . However, the DNA methylation status of these apparently healthy adult cattle clones has not, to our knowledge, been investigated. This reflects the general assumption that clones surviving into adulthood should have a DNA methylation level very similar to individuals that originate from sexual reproduction.
In this study, we used highly sensitive capillary electrophoresis to quantify the genomic 5mC content of DNA from healthy adult female cattle clones in comparison with noncloned controls. The analyses revealed an unexpected epigenetic plasticity of healthy adult clones, suggesting that epigenome variability may be representative of adaptive changes after reproductive cloning.
Materials and Methods

SCNT and twin animals
SCNT cloned animals were generated by two standard SCNT procedures (Bourc'his et al., 2001; Hiendleder et al., 2004; Vignon et al., 1998; Zakhartchenko et al., 1999) with fibroblasts from nine donors that yielded two to nine clones per donor. Embryos were transferred to synchronous recipients at the blastocyst stage. Only grade 1 and 2 embryos according to the morphological criteria defined by the International Embryo Transfer Society (www.iets.org) were used. Monozygotic twins were generated by microsurgical bisection of fertilised embryos at the blastocyst stage (Klein et al., 2006) . Within each of the two breeds used, all animals (clones and donor or clones and twins) were subjected to the same breeding conditions and raised in the same experimental farm.
No animal was specifically generated for the present study. All animal experiments were carried out in accordance with European legislation on animal ethics and welfare.
DNA samples
Single 10-mL EDTA blood samples were obtained by jugular vein puncture for each animal and leukocyte separation was performed by centrifugation at 1,200Âg, 25 min. The leukocyte fraction was washed with 10 mL of phosphatebuffered saline (PBS) and further centrifuged at 530Âg, 10 min. Cell counts were performed for 1 mm 3 of nondiluted aliquot per sample, using the Malassey cell counting method. The remaining leukocyte fraction was used for DNA extraction with DNeasy Blood & Tissue kit from Qiagen (Chatsworth, CA, USA). DNA samples were dissolved in distilled water and stored at À208C.
Micellar electrokinetic chromatography (MEKC)
We used a highly sensitive improved capillary electrophoresis technique (Schmitz et al., 2002; Stach et al., 2003) to measure the 5mC content in leukocyte DNA of clones and twins. One microgram of dry genomic DNA sample was hydrolyzed to 2 0 deoxynucleoside-3 0 -monophosphate. The DNA hydrolysates were derivatized with Bodipy FL EDA fluorescent marker. The surplus of Bodipy was precipitated and the aqueous phase was analyzed by MEKC using P=ACE TM MDQ system with a laser-induced fluorescence detector (Beckman Coulter, Fullerton, CA, USA) and a fused silica capillary (50 mm ID, L tot ¼ 50 cm, detection window at L eff ¼ 40 cm) (BGB-Analytik, Geneva, Switzerland). Nucleotide separation was performed using sodium phosphate buffer containing SDS solution and 20 kV voltage. From 7 to 15 capillary electrophoresis runs per sample were performed and further analyzed with 32Karat TM Software, Version 7 (Beckman Coulter). Standard deviations of mean 5mC values were below 5%.
Statistical methods
We ran separate models for the three experimental groups to estimate interindividual and intergenotype variances and another linear mixed effects model for the combined measurements of all Simmental animals to estimate the difference in average methylation levels between clones and twins. Data analysis was carried out with the statistical software environment R 2.9.2 (R Development Core Team, 2008) . Specifically, we used the lme4 package (Bates, 2009) for the estimation of the linear mixed effects models (Pinheiro and Bates, 2000) and the RLRsim package (Scheipl, 2007) to compute exact restricted likelihood ratio tests (Scheipl et al., 2008) for the presence of between-genotype variation. Reported p-values for the latter are based on Monte Carlo samples of 10,000 values from the exact finite sample distribution of the likelihood ratio. Confidence intervals (CI) for the estimated variances are 95% profile likelihood intervals.
Results
Genomic DNA methylation levels in clones and controls
We measured and analyzed genomic 5mC content of leukocyte DNA from 38 healthy adult female SCNT clones
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that represented four genotypes of the Holstein breed and five genotypes of the Simmental breed. Experimentally generated monozygotic Simmental twins and Holstein nuclear donor animals served as controls (Fig. 1A) . We observed 5mC levels that ranged from 4.43-5.69% in clones with Holstein genetics (n ¼ 19) to 5.94-6.93% in clones with Simmental genetics (n ¼ 19). The 5mC levels of controls ranged from 4.56-5.09% in Holstein nuclear donor animals (n ¼ 3) and from 5.07-5.64% in Simmental monozygotic twins (n ¼ 24). ANOVA showed significant differences in the mean 5mC content of DNA between Holstein and Simmental clones (6.50 AE 0.01% SEM and 5.09 AE 0.02% SEM, respectively; twotailed t-test p < 0.001).
Genomic DNA methylation variation in clones and controls
The observed variances between clone genotypes of both breeds were similar (0.0204 and 0.0164) and we computed exact restricted likelihood ratio tests on the basis of linear mixed effects models to test for the presence of variability between genotypes. Strikingly, we found that the estimated variance in 5mC level within clone genotypes from both breeds (0.104, CI: 0.070-0.168) was higher than the estimated variance between clone genotypes, which was not significantly different from 0 (exact restricted likelihood ratio test p > 0.999, estimated value 0 with CI: 0-0.077).
There was no correlation between the proportions of leukocyte subfractions and genomic methylation levels, excluding the possibility that the observed variability in DNA methylation levels was caused by variation in leukocyte subfractions.
Genomic DNA methylation variation in clones and monozygotic twins
To quantify the contribution of SCNT to the observed variability between clones, we compared Simmental clones with female Simmental monozygotic twins of similar age (65.5 months AE 3.6 months SEM and 67.8 months AE 2.2 months SEM) (Fig. 1A-C) . The monozygotic twins were generated by microsurgical bisection of fertilised embryos (Klein et al., 2006) . The estimated variability of 5mC levels within five genotypes of clones (0.0636, n ¼ 19, CI: 0.0358-0.127) was clearly higher than in 12 twin pairs (0.0091, n ¼ 24, CI: 0.0047-0.0229). In Simmental clones, the estimated variability within genotype (0.0636) was higher than between (0, CI: 0-0.077) clone genotypes. In contrast, the variability within twin genotypes (0.0091) was lower than between twin genotypes (0.0136, CI: 0.0025-0.0428), as expected (observed variance ratio: 1.485, CI: 0.992-1.612). Importantly, the absolute deviations of 5mC values of individual SCNT clones from their genotype means were fivefold increased in comparison to twins, although the deviations of genotype means from the respective group means were similar for clones and twins ( Fig. 1B and C) . This difference in absolute deviations of individual 5mC values from genotype means was even more pronounced in Holstein clones (Fig. 1B and C) . These methylation differences were not due to differences in animal age at sampling as shown by regression analysis (Fig. 2) .
Genomic DNA hypermethylation in clones
Three Holstein individuals that served as nuclear donors were analyzed for the 5mC content of their genome together with their clones. Two nuclear donors exhibited the lowest 5mC levels of the respective genotypes. The 5mC level of the third nuclear donor was identical to only one of its eight healthy clones but higher than in five of them and lower than in the two remaining ones (Fig. 1A) .
We detected a general DNA hypermethylation in Simmental clones compared with Simmental twins (6.50 AE 0.01% SEM and 5.38 AE 0.01% SEM, two-tailed t-test p < 0.001). The clone-twin comparison extended the previously observed global DNA hypermethylation in embryonic (Dean et al., 2001 ) and fetal SCNT stages (Hiendleder et al., 2004) to healthy adults.
Discussion
Global DNA methylation reprogramming during preimplantation development presents a window for epigenetic perturbation that may affect gene expression and phenotype throughout pre-and postnatal life (Morgan et al., 2005) . The reprogramming process establishes first the fully totipotent state and then the pluripotent state in the embryo; changes in gene expression during development are associated with changes in epigenetic modifications. The methylation of DNA is involved in long-term epigenetic silencing of specific sequences, including transposons, imprinted genes, and pluripotency-associated genes (Reik, 2007) . This process could be altered through nuclear transfer procedures, and perturbed DNA methylation patterns are assumed to be responsible for changes in gene expression of compromised cloned embryos, fetuses, and nonviable offspring (Dean et al., 2001; Lin et al., 2008; Yang et al., 2007a) .
Individual genome-wide 5mC levels in leukocytes were recently shown to be similar in adult humans across populations (Axume et al., 2007) . Our comparison of adult cloned animals with their adult nuclear donor, and the comparison between clones and experimentally generated monozygotic twins of similar age, provides an estimate of global DNA methylation variability in leukocytes of clones. This epigenetic plasticity is currently being confirmed in liver tissue from the same Holstein clones, where first measurements of one genotype revealed individual 5mC levels of 3.98 AE 0.08% SD to 4.83 AE 0.11% SD in clones, and a value of 4.04 AE 0.08% SD for the donor cow. The comparison of clones with twins confirms a SCNT cloning effect illustrated by a clone-specific variability of global DNA methylation. These epigenome variants clearly show that clones are only genomic copies (Campbell, 1999) , but not epigenomic copies, of adult animals. It is currently not known if the observed methylation differences in compromised clones result from incomplete epigenetic reprogramming of the early SCNT embryo or other stochastic perturbations that affected maintenance methylation during later developmental stages (Liu et al., 2008; Niemann et al., 2008) . Our study of DNA methylation levels in adult clones contributes new insights to this question by showing that variability in DNA methylation levels in live clones is not correlated with the potential to provide consistently full-term reprogramming into live calves. This is illustrated by the comparison between HC1 and HC2 genotypes that displayed individual 5mC levels from 4.43 AE 0.04% SD to 5.61 AE 0.13% SD with 38.8% blastocysts (per fused embryos) and 8.2% born calves (per transferred embryos), and from 4.81 AE 0.05% SD to 5.31 AE 0.06% SD with 35.6% blastocysts and 2.4% born calves, respectively (Fig. 1A) . We can therefore conclude that the observed methylation variability in adult clones is independent from the breed and is not necessarily correlated with the potential of full-term development.
The DNA methylation levels in the great majority of clones were also higher than in the nuclear donor animals or monozygotic twins. In the Simmental breed, we detected a 25% increase in DNA methylation levels of clones in comparison with twins. The SCNT procedure has been shown to impact on the DNA methylation status of cloned embryos (Dean et al., 2001; Santos et al., 2003) where centromeric heterochromatin remains methylated at a higher than normal level (Bourc'his et al., 2001) . DNA hypermethylation in liver has been associated with fetal overgrowth (Hiendleder et al., 2004) . Further, hypermethylation of imprinted genes has been associated with perinatal death of clones (Lin et al., 2008) . Our observations provide further evidence that reprogramming of nuclear function by SCNT, which is frequently associated with global DNA hypermethylation, might be maintained from the embryonic (Dean et al., 2001; Yang et al., 2007c) and fetal stages (Hiendleder et al., 2004) into adulthood.
Epigenetic differences in monozygotic twins can be explained by external factors such as different environmental exposure that causes differences in physiological activities, and internal factors such as epigenetic transmission defects through cell divisions. The latter lead to an accumulation of epigenetic differences by ''epigenetic drift'' associated with aging, as observed in monozygotic twins in human ( Fraga   FIG. 2 . Absence of age-related effects on genomic cytosine methylation (5mC) levels of SCNT clones. Regression analysis of genomic DNA methylation level (% 5mC) in leukocyte DNA from individual Simmental breed clones (n ¼ 19) on age of the same animals. Regressions obtained for Holstein breed clones (n ¼ 19) and Simmental breed twins (n ¼ 24) were also nonsignificant (data not shown).
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DE MONTERA ET AL. et al., 2005) . Interestingly, our data suggest that in clones the aging process and associated epigenetic drift could act differently. Regression analyses of clone data did not reveal any significant association between DNA methylation level and age (Fig. 2) . Further, DNA hypermethylation is unlikely to be age-related in clones because the age of Holstein and Simmental clones overlapped and the mean ages of some genotypes such as Simmental clone genotype SC3 (80.5 months AE 1.5 months SEM) and Holstein clone genotype HC4 (72.0 months AE 5.8 months SEM) were similar. The significant differences in DNA methylation levels between Holstein and Simmental clones could stem from different parameters such as breed-specific differences in poorly understood reprogramming efficiency, donor cell preparation, SCNT procedures and possible stochastic effects of the whole process. The comparison between LMU and INRA cloning procedures (Bourc'his et al., 2001; Hiendleder et al., 2004) shows several differences. In the LMU cloning procedure, donor cells are subconfluent when used for nuclear transfer, whereas they are quiescent in the INRA protocol. After fusion between the donor cell and the recipient oocyte, the activation process is different and delayed for 1 h and a half in the LMU compared to the INRA protocol. Finally, embryo culture conditions in the LMU and INRA protocols were different, that is, SOF medium þ 10% serum and O 2 control for the LMU clones and B2 medium þ 2.5% serum and no O 2 control for INRA clones. This is reported to impact on sequence-specific methylation status and developmental gene expression in mammals (Fauque et al., 2009) . Therefore, we hypothesize that SCNT induces an experimental protocol dependent ''hypermethylation drift'' in global DNA methylation levels that is within health compatible limits and potentially confounded with breed-specific effects, when two different breeds are compared. In the future, it will be interesting to compare the success rate of different cloning protocols with respect to healthy animals and their DNA methylation levels and to evaluate the possibility of a breedspecific susceptibility to technical constraints by testing the same conditions in different breeds. Moreover, our data do not confirm a normalization of DNA methylation differences between clones and nonclones with advancement of age, as suggested by a study with a limited number of SCNT cloned mice (Senda et al., 2007) . Instead, our data support the alternative hypothesis discussed by Senda et al. (2007) that only cloned animals with a more appropriate methylation status can survive to adulthood. This assumption is further supported by data from gene-specific analyses that revealed more severely altered epigenetic marks in clones that died soon after birth than in animals that died as juveniles (Lin et al., 2008) .
In healthy adult clones, epigenetic marks that are known to be required for developmental outcome should have been maintained. We analyzed target-sequences that were previously reported to be affected by SCNT (Lin et al., 2008) and found no significant differences in the DNA methylation percentage at specific sequences (data not shown) in leukocyte DNA of the investigated Holstein clones (n ¼ 19). However, sequence-specific variations in DNA methylation were observed in cloned cattle that died around birth (Long and Cai, 2007) . Here, variable and altered DNA methylation patterns were detected in an imprinting control region (ICR), but not in the 3 0 -UTR region of the same locus. Studying global 5mC variations does not allow identification of differentially methylated regions in the genome, which constitutes a clear limitation when analyzing the potential effect of such variations on physiology and phenotype. Yet, measuring the 5mC amount in the whole genome is a way to include the potential effect of methylation deregulation in non coding regions. In the present study, the observed global 5mC variations of up to 25% could not only stem from the limited number of differentially methylated imprinted genes or regions (Luedi et al., 2005) but must involve other sequence elements such as transposons or satellite DNA. There are currently significant gaps in our understanding of the causes of epigenetic change in healthy adult cloned animals that call for further genome-wide analyses of candidate methylated sequences.
Cloning by SCNT is compatible with the birth of live offspring in a wide range of mammalian species, but failure of epigenetic reprogramming leads to a low overall efficiency of the technology. The epigenetic status of SCNT clones that survive into adulthood was nevertheless assumed to be normal. Considering the crucial roles of DNA methylation in the regulation of fundamental cellular processes and transgenerational effects (Bernstein et al., 2007; Richards, 2006) , we evaluated long-term effects of SCNT reprogramming by quantifying global epigenetic plasticity in adult healthy cloned cattle. In conclusion, our data highlight SCNT effects on DNA methylation of healthy adult clones that are resilient to epigenetic reprogramming during development and postnatal exposure to environmental effects. We demonstrate here that, through SCNT cloning procedures, functional reprogramming of a donor genome into healthy adults is compatible with a highly flexible methylation status of its DNA.
Recent data obtained from monozygotic twin studies have highlighted the important role of epigenome variations as the basis for differences in heritable complex traits (Kaminsky et al., 2009 ) and new epigenome perspectives show the dynamic interplay of chromatin and DNA sequence in complex trait heritability ( Johannes et al., 2008) . The present study provides experimental support for the potential of using sets of adult cloned animals as research models for an in-depth readout of the contribution of epigenetics to the variability of complex phenotypic traits. The potential biological relevance of the unexpected epigenetic plasticity of healthy adult clones awaits further examination in view of the likely dissemination of cloned (epi)genetics into domestic animal populations in the near future (Fox, 2008 ).
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